We investigated the growth of boron-doped few-layer graphene on a-Al 2 O 3 (0001) substrates by molecular beam epitaxy using two different growth approaches: one where boron was provided during the entire graphene synthesis and the second where boron was provided only during the second half of the graphene growth run. Electrical measurements show a higher p-type carrier concentration for samples fabricated utilizing the second approach, with a remarkable modulation in the carrier concentration of almost two orders of magnitude in comparison to the pristine graphene film. The results concerning the influence of the boron flux at different growth stages of graphene on the electrical and physicochemical properties of the films are presented. Published by AIP Publishing. https://doi.org/10.1063/1.5019352
Graphene has attracted much attention in the last few years due to its outstanding properties such as high mobility of charge carriers (l > 100 000 cm 2 /Vs even at room temperature), 1 high mechanical strength, 2 high thermal conductivity, 3 large specific surface area, and optical transparency. 4 These properties make this material very attractive for a wide range of applications including high-frequency transistors, touch and flexible screens, ultra-sensitive sensors for gas, strain and chemicals, and electrochemical energy applications. 5 However, limitations and challenges still remain in order to employ graphene with its full potential in these applications. For instance, one of the main issues for electronic applications is the fact that graphene is a zero bandgap material. Substitutional doping is among the most efficient and controlled methods to tailor the properties of graphene. Previous works have shown that the introduction of nitrogen dopants can open a bandgap in graphene 6, 7 and also increase its carrier concentration. 8 Nitrogen and boron can induce ntype and p-type doping in graphene, respectively, but unintentional p-type doping can occur in pristine graphene due to species absorbed from the atmosphere such as oxygen and water vapor. 9 Since uncontrolled p-type doping is easily achieved in graphene, a higher research effort was devoted to nitrogen-doping in order to produce n-type graphene. However, it remains mandatory to modulate graphene electronic properties by controlled doping of the p-type and/or the n-type and at the same time to avoid the presence of undesirable contaminants. In this way, the investigation of boron-doped graphene has gained increasing attention. Boron-doped graphene has been shown to be of high utility in several applications including hydrogen storage 10 and oxygen reduction in fuel cells, 11 in supercapacitor electrodes due to the high electrical conductivity and large surface area, 12 and in ultrasensitive gas sensors. 13 Different methods have been employed to synthesize boron-doped graphene, including chemical vapor deposition (CVD), 13 thermal annealing, 14 and micromechanical exfoliation of borondoped graphite. 15 Despite the significant progress that has been achieved, the controlled growth of B-doped graphene on a wide variety of substrates, such as dielectrics and/or semiconductors, remains a challenge.
A growth method that offers potential to achieve this task is molecular beam epitaxy (MBE), which is a wellestablished technique for the production of high-quality single crystal semiconductors and doped semiconductor layers. 16 MBE has also been used to grow graphene layers on several substrates with different degrees of success [17] [18] [19] [20] but has not been explored for graphene doping. The possibility of growing graphene directly on a dielectric substrate and of achieving precise control over thickness and doping levels makes MBE a promising technique for the synthesis of dopedgraphene. In the present work, we report on the MBE growth of boron-doped few-layer graphene on a-Al 2 O 3 (0001) substrates. Boron doping of few-layer graphene was investigated following two different growth approaches: one where boron was added during the entire graphene synthesis and the second where boron was added only during the second half of the graphene growth run. Although the method (1) resulted in a higher concentration of boron atoms in the graphene films, the latter achieved a higher p-type carrier concentration. The results concerning the influence of the boron flux at different stages of few-layer graphene growth on the electrical and physicochemical properties of the graphene films will be presented.
Starting samples were 1 cm Â 1 cm large a-Al 2 O 3 (0001). The high thermal stability of Al 2 O 3 allows us to use high sample temperatures during MBE growth. The substrates were back-coated with 1 lm thick Ti (to allow for non-contact heating by radiation), cleaned using standard solvents, and loaded in the preparation chamber of the MBE system for outgassing at 300 C for 1 h. Finally, the substrates were transferred to the growth chamber, which is equipped with an e-beam evaporator filled with a pyrolytic graphite target (for C evaporation) and a high-temperature effusion cell for evaporation of elemental B. The samples were heated up to 950 C (the temperature was determined a)
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Author to whom correspondence should be addressed: gabriel.soares@ ufrgs.br using a pyrometer at a wavelength of 940 nm), and then, a power of 750 W was applied to the e-beam. Under these conditions (at a pressure of 5 Â 10 À8 mbar), a $3 monolayer (ML) thick graphene film is grown after 10 min, as determined by atomic force microscopy profile measurements taken at the edges of the film. Boron was introduced into the films by two different approaches: a one-step doping approach (here after called 1), where the boron and carbon source shutters were opened simultaneously and the growth/ doping process was kept for 10 min; and a two-step doping approach (here after called 2), where the Al 2 O 3 surface was exposed only to the C beam for an interval of 5 min, followed by another 5 min interval in which B is added to the process. This yields a total growth time of 10 min, as the one used in approach 1. The two approaches were compared taking into account the influence of the employed boron flux (varied from 6.8 Â 10 11 to 1.5 Â 10 13 atoms/cm 2 s) in the electrical and physicochemical properties of synthesized layers. In order to modulate the boron flux, the temperature of the effusion cell utilized for B evaporation was varied from 1550
C to 1950 C. Please note that the lowest B flux that could be detected by quadrupole mass spectrometry in an UHV test chamber operating at a base pressure of $10 À9 mbar was 6.8 Â 10 11 atoms/cm 2 s, for a corresponding cell temperature of 1750 C. Raman spectroscopy analyses were carried out using a 473 nm wavelength laser. The spectra were obtained with a spatial resolution of 1 lm. Several measurements performed at different locations on the sample surface allowed for checking the layer homogeneity. X-ray photoelectron spectroscopy (XPS) measurements were performed using an Al Ka X-ray source. The samples were outgassed at 250 C for 30 min prior to the XPS measurements. The carrier density and mobility were obtained by magnetotransport measurements in a van der Pauw geometry at room temperature and at a magnetic field of 0.6 T. Figure 1 shows the XPS measurements of the B 1s energy region. XPS was employed to confirm the presence of B and to identify the chemical environment of the B atoms. The spectrum of the film grown for 10 min (without boron), hereafter called non-doped, is presented with full black circles, where no visible signal of boron can be detected (within the sensitivity of 1 at. %). The data for approaches 1 (triangles) and 2 (squares) are also plotted, where in both cases the highest boron cell flux and temperature (1.5 Â 10 13 atoms/cm 2 Ás and 1950 C, respectively) were employed. By analyzing the survey spectra (data not shown) of approaches 1 and 2, we determined the boron atomic concentration in the graphene film as 10 at. % and 7.6 at. %, respectively. Three different bonding configurations are observed: boron bonded to carbon (at 186.5 eV, red line), 21 to boron (at 187.6 eV, blue line), 21 and to oxygen (189.2 eV, pink line). 22 Boron bonded to carbon one can be attributed to substitutional boron within the graphene lattice and/or bonded to graphene domain boundaries. The second can be due to interstitial boron in the graphene film or boron located at the surface. The third contribution is probably related to a partial oxidation of this boron and/or of edge-bonded boron 13 when the sample is exposed to the atmosphere (between MBE growth and the XPS measurement). Interestingly, although approach 2 uses only half of the B nominal dose used in approach 1 (in practice, XPS shows that approach 1 leads to a $30% higher B total incorporation), the sample prepared using approach 2 shows a larger fraction ($80%) of boron bonded to carbon when compared to the one obtained via approach 1 ($50%). This reveals that boron is more efficiently incorporated in the graphene lattice as an impurity when the MBE growth approach 2 is employed. This result is intriguing, and the origin is not clear at this moment and requires further investigation. Nevertheless, we consider as a logical assumption that this behavior is directly related to the growth mechanisms of graphene on sapphire. It is known that the growth process involves two main stages: nucleation of islands followed by their lateral growth and coalescence. In the growth approach 2, boron is provided only after the graphene nucleation already took place and at least a monolayer of graphene covers the surface. For approach 1, boron is provided during the entire growth process. Hence, in terms of graphene nucleation and growth and B incorporation, approach 1 represents a substantially different and likely more complex scenario which can result in a less efficient incorporation of boron impurity atoms in the graphene lattice.
In Figure 2 , the Raman spectra collected for samples prepared with different boron fluxes using approaches 1 (left-hand side) and 2 (right-hand side), as well as for the non-doped graphene, are shown. It is possible to observe several features in the Raman spectra, which confirms the growth of graphene. By analyzing the spectra, we identify the G peak around $1580 cm À1 attributed to the presence of sp 2 bonded carbon atoms. The D peak localized at around 1350 cm À1 and the D 0 peak at $1620 cm À1 are related to a disorder-induced mode due to the existence of point defects, domain boundaries, and dopants. Finally, at $2700 cm À1 , the 2D peak is observed. The presence of these four peaks is consistent with the growth of nanocrystalline few-layer graphene films on Al 2 O 3 (0001) by MBE. 18, 20, 23 The thickness of the resulting graphene film was estimated using atomic force microscopy (data not shown), yielding a 1 nm thick film. This is approximately 3 layers of graphene (a graphene single layer has a thickness of 3.35 Å ). However, we do not observe the characteristic asymmetric shape of the 2D peak associated with AB-stacked trilayer graphene 24 but rather a symmetric shape that might be associated with a turbostratic stacking arrangement between the graphene adjacent layers. 18 When boron is added during growth using both approaches, we observe systematic changes in the Raman spectra, such as a blue shift in the G and 2D peaks and a reduction of the 2D peak intensity. Figures 3(a) and 3(b) show the 2D and G peak positions for doping approaches 1 and 2 as a function of the boron cell temperature and flux, respectively. In both cases, a blue shift is observed, which can be attributed mainly to the boron doping effect in graphene as the p-type. 8, 25 G peak shifts of up to 8 and 10 cm
À1
are observed for the films prepared using approaches 1 and 2 under the highest B flux, respectively. For the 2D peak, the corresponding values are 6.5 and 7.5 cm
, respectively. Please note that boron incorporation should lead to local strain in the graphene lattice which can also promote a shift in the G and 2D peaks. 26 However, in our discussion, we consider the doping effect in the G and 2D peak positions to be more pronounced than the mechanical one, which is corroborated by our electrical results presented in Fig. 4. The intensity of the G and 2D peaks also changes with doping. Particularly, the 2D peak intensity decreases with the shift of the Fermi level position. This can be observed by considering the ratio between the areas of the 2D and G peaks [see Fig. 3(c)] . A decrease in A 2D /A G takes place as the utilized boron flux increases, a behavior that is compatible with an increase in the doping level in the graphene film. Previous work 25 reported that a 2D/G ratio lower than 0.6, which is obtained for boron fluxes higher than 6.7 Â 10 . This is consistent with the electrical measurements that will be presented later.
In general, the Raman results of the samples prepared using approaches 1 and 2 seem to indicate, in particular for the films synthesized under the highest B flux, that the 2 steps of the growth approach result into a higher carrier concentration. This is in agreement with the XPS data shown in Fig. 1 , where a higher portion of substitutional boron is obtained using approach 2. , with p-type doping. This doping type is consistent with previous reports for graphene on Al 2 O 3 prepared either by CVD or MBE. 18, 20, 27 Increasing boron flux leads to an increase in the carrier concentration for both approaches, where the carrier concentration is higher for approach 2 for all investigated fluxes. For a flux of 1.5 Â 10 13 atoms/cm 2 Ás, a maximum of 8 Â 10 13 cm À2 and 4 Â 10 13 cm À2 for approaches 2 and 1, respectively, has been found. The higher carrier concentration obtained for approach 2 is corroborated by the other results, namely, a higher concentration of boron bonded to carbon (as show by XPS) and a higher blue shift of the G and 2D Raman peaks. This suggests that approach 2 is more efficient than approach 1 to achieve growth of B-doped graphene via MBE. Figure 4 (b) shows the charge carrier mobility as a function of the boron cell temperature/flux. The pristine film exhibits a mobility of 320 cm 2 /VÁs, which is higher than what was previously reported by our group also for graphene grown on Al 2 O 3 (0001) using MBE. 18, 20 This is probably due to the lower carrier concentration of the pristine graphene films studied here ($10 12 instead of $10 13 cm À2 as reported in 18, 20 ) and/or to the lower density of defects present in the few-layer graphene of this work. The reason behind the improvement in the electrical properties (when compared to previous works) can be the employment of different conditions for the carbon source (e.g., the higher carbon flux utilized in this work). It is expected that the choice of source and the corresponding operation conditions can impact the properties of the resulting MBE-grown graphene. 28 Finally, for the doped films, a similar trend is observed for samples prepared using growth approaches 1 and 2: a reduction in mobility when boron flux is increased, which is anticipated due to the creation of a higher number of scattering centers in the graphene lattice. However, differently from the charge carrier concentration, no clear distinction between the values obtained for samples prepared by approaches 1 and 2 can be seen. This might be related to the complex scenario involving charge carrier scattering in these samples. Given the fact that, besides the incorporation of B in the films, other structural imperfections such as point defects and grain boundaries will also contribute to a decrease in mobility, even small fluctuations in the formation and interplay between these type of defects during growth and B incorporation (e.g., filling of vacancies by B atoms and modification of the grain boundary regions due to B incorporation) could be one of the reasons behind the variability observed in mobility.
In summary, we investigated the boron doping of fewlayer graphene grown by MBE on Al 2 O 3 (0001). Two different doping approaches were employed, while the boron flux was varied in a wide range: one with a simultaneous growth/ doping of graphene and the second with a nucleation step followed by a growth/doping step. The XPS results show the incorporation of boron in the graphene lattice. Raman analysis indicates a systematic increase in the graphene p-type doping level when boron emission is increased. Electrical measurements demonstrate a higher carrier concentration for approach 2, which indicates a more efficient doping activation when compared to approach 1. Finally, a remarkable modulation in the carrier concentration in graphene could be obtained (almost two orders of magnitude), which is relevant for several applications in electronic devices and electrochemistry.
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